of the immune system that leads to AIDS. This loss of T cells can be partially compensated for by the regenerative powers of the hematopoietic system, differentiating new T cells from stem and precursor cells, or promoting the peripheral expansion of mature T cells [1] . However, these processes do not occur indefinitely and, in the absence of any intervention, CD4 + T-cell levels will eventually decline to a critical level that triggers immune collapse. In contrast, patients receiving antiretroviral therapy frequently suppress HIV-1 to almost undetectable levels. But even the most potent drug combinations do not result in the elimination of HIV-1 from the body, and the persistence of a reservoir of latently infected cells that can restart an infection should drug therapy be withdrawn remains a limitation for all current drug treatments [2] ( Figure 1A ). Consequently, one strategy being pursued to treat HIV-1 infection and its consequences is to engineer HIV-resistant versions of a patient's own T cells and thereby preserve a functional immune system. One aspect of such "functional cure" strategies is that because HIV-resistant cells are expected to be selected for by the actions of the virus itself, any ongoing lowlevel HIV replication that occurs even in the presence of antiretroviral drugs should help to select for such a resistant population. Additionally, intentional transient breaks from therapy could be used to promote the establishment of such a resistant cell population [3] , although the criteria to decide if and when to implement treatment interruptions are unclear at the moment. Either way, the presence of HIV-resistant cells could lead to partial or complete control of HIV-1 replication ( Figure 1B) .
The creation of HIV-resistant CD4 + T cells requires the selection of a genetic engineering strategy to make the cells resistant, as well as the decision to engineer either mature CD4 + T cells, or the precursor hematopoietic stem/progenitor cells (HSPC) that give rise to them. One approach being pursued for both cell populations is to prevent expression of the CCR5 protein, because this molecule is a major entry coreceptor for HIV-1 [4] .
Furthermore, CCR5-negative individuals are highly resistant to HIV-1 [5] , while exhibiting minimal negative side effects [6, 7] . CCR5-negative cells can be generated using various techniques, including RNA interference to reduce expression of the protein [8] , or site-specific nucleases such as zinc finger nucleases (ZFNs), to knockout the gene's open-reading frame [9] . A striking proof of concept for these approaches has been provided by the case of the "Berlin patient"-an HIV-infected individual who received an HSPC transplant from a CCR5-negative donor following chemotherapy for leukemia and has remained cured of HIV-1 since that event [10] [11] [12] . Work in our group and others is building on this clinical finding to disrupt the CCR5 gene in human HSPC using engineered zinc finger nucleases [13] [14] [15] [16] . [17] [18] [19] ). A major advantage is that actual clinical reagents can be used in preclinical studies, without requiring modified simian or SIV-specific versions to be created in parallel.
HUMANIZED MICE AS
To generate humanized mice suitable for HIV-1 research, human T cells from peripheral blood lymphocytes (PBLs) can be directly introduced into the mice, or they can be derived in vivo following transplantation of human HSPC. The human HSPC are typically obtained from hematopoietic sources such as fetal liver tissue or umbilical cord blood and are isolated based on expression of the CD34 antigen. In general, HSPC based mouse models are more long-lived and less susceptible to graft versus host complications than the PBL models, and robust HIV-1 infections from both CXCR4 and CCR5-tropic viruses can be established and maintained long-term in the mice [14, 20, 21] .
Humanized mice also have the advantage of easily providing experimental replicates, because multiple mice can be created Figure 1 . A, Schematic showing levels of human immunodeficiency virus type 1 (HIV-1) in blood and a typical response to the initiation of antiretroviral therapy, where virus levels are often suppressed to below the limit of detection in standard assays (shown as open squares). Occasional "blips" of virus replication above this threshold can occur, and a long-lived latent reservoir of uncertain composition persists, that is not cleared by the drug therapy. Upon interruption of therapy, HIV-1 levels rapidly rebound due to this persisting reservoir. B, The introduction of HIV-resistant cells is hypothesized to be able to reduce or even fully control/eradicate HIV-1. Shown is a scenario where antiretroviral drugs are withdrawn as part of a planned treatment interruption to promote the selection of such resistant cells [3] , where it is expected that HIV-1 levels could initially increase, until a resistant population is selected that is sufficiently large to exert control.
from the same donor source of human HSPC. Furthermore, the mice can be engrafted with human HSPC isolated from different hematopoietic sources that are used clinically (cord blood, bone marrow, or mobilized peripheral blood) [22] . Because of these characteristics, humanized mice are especially suited to preclinical modeling of anti-HIV gene or cell based therapies, and recent reports evaluating the efficacy of specific approaches have included a chimeric aptamer-siRNA combination [23] , the combination of shRNAs against both CCR5 and HIV [24] , HIV-neutralizing antibodies [25, 26] , and the triple combination of a trans-activating response element (TAR) decoy, CCR5 shRNA, and a modified cellular restriction factor [27] .
HUMANIZED MICE AS A MODEL SYSTEM TO EVALUATE HUMAN HSPC FUNCTION
HSPC are a difficult cell type to culture and maintain as stem cells ex vivo. Although various assays are available to evaluate HSPC function in vitro, transplantation of the cells into immunodeficient mice provides the most rigorous way to do this. In HSPC transplanted mice, human stem cell function can be evaluated both by measuring the extent of engraftment obtained (absolute numbers of human cells), as well as by characterizing the different hematopoietic lineages that develop. Because of this, humanized mice can be especially useful when evaluating the safety of genetic engineering or ex vivo manipulations performed on HSPC, because the animals can also be used to screen for unwanted long-term consequences, such as an impaired ability to support hematopoiesis or the development or tumors. However, it is worth noting that the predictive value of these preclinical mouse models for clinical outcome is not yet entirely clear. Some effort has been made to correlate human HSPC engraftment levels in mice and humans [28, 29] , but inter-individual variability between mice receiving cells from different and even from the same donor might limit the usefulness of such correlations [30] . In addition, transplantation studies of baboon CD34 + cells into mice have indicated that distinct cell populations of cells repopulate NOD/SCID mice compared to baboons [31] , particularly in respect to longtime engraftment of gene-modified CD34 + cells [32] . The newer humanized mouse models with higher, more robust engraftment of human cells, such as NOD/SCID/IL2rγ null (NSG) mice [33] might perform better as preclinical predictors than the NOD/SCID models, but this remains to be determined.
ESTABLISHING A MOUSE MODEL TO EVALUATE ZFN ENGINEERING OF HSPC ISOLATED FROM MOBILIZED PERIPHERAL BLOOD
We are conducting preclinical studies to evaluate the safety and efficacy of an anti-HIV gene therapy based on CCR5-targeted ZFNs to disrupt the CCR5 gene in mobilized peripheral blood HSPC. These cells represent the adult stem cell population that would be used in a clinical setting. The study builds on observations we initially made with engineered HSPC isolated from cord blood and electroporated with plasmid DNA expressing CCR5-specific ZFNs, followed by transplantation into neonatal NSG mice [14] . This treatment resulted in HSPC with a mean level of CCR5 gene disruption of 17%, and transplantation of the cells into neonatal NSG mice by facial vein injection proved to be an effective system that supported robust CD4 + T cell development from 8 to 12 weeks of age and allowed subsequent HIV-1 infection. Using the neonatal NSG mouse model, we were able to demonstrate both safety and efficacy of the ZFN treatment. We found that ZFN-engineered cord blood HSPC were unchanged in their ability to engraft NSG mice compared to control HSPC, and the engineered cells had no obvious defects or skewing in their ability to differentiate into multiple lineages of the human immune system. Furthermore, engraftment of the mice with even a minority of CCR5-negative HSPC was able to reduce the replication of CCR5-tropic HIV-1 and ultimately preserve normal human CD4 + T-cell numbers in the animals' blood and tissues [14] . Initially, HIV-1 replicated to high levels in both control and ZFN-treated cohorts, which likely contributed to the selection of CCR5-negative CD4 + cells from the initial mixed population. However, HIV-1 levels in the blood subsequently dropped in the mice receiving ZFN-treated HSPC at later time points, and HIV-1 RNA was undetectable in the gut lymphoid tissue of the mice from the ZFN arm of the experiment when necropsied 10-12 weeks after infection. In addition, almost all of the human T cells present in the gut tissue following HIV-1 infection were found to be CCR5-negative, by both FACS and sequence analysis [14] . Importantly, the CCR5 gene knockout signatures present in the T cells that persisted after HIV-1 infection were highly diverse, indicating that a heterogeneous population had been selected for by the HIV-1 infection. This supports the idea that multiple uniquely modified HSPC had been generated and engrafted into the mice, and that this population was giving rise to the mature CD4 + T cells.
More recently, we have been developing methods to deliver ZFNs to mobilized blood HSPC. An important part of these preclinical studies is to use humanized mice to evaluate whether different ZFN delivery systems impact HSPC biology. To do this, we needed to establish a relevant humanized mouse model with which to acquire information about the baseline properties of unmodified mobilized HSPC. We first tested the protocols we had successfully used with cells isolated from cord blood and fetal liver sources, using facial vein or intrahepatic injection of up to 1 million CD34 + cells into neonatal NSG mice within 4 hours of receiving sublethal (150 cGy) radiation [14] . In contrast to the success of this protocol when using fetal liver HSPC (Figure 2A ), we found that adult mobilized blood HSPC did not efficiently engraft the neonatal mice, with less than half of the mice becoming engrafted at levels that gave >1% human CD45 + leucocytes in the blood at any time point, and only very low levels of human cells were observed in hematopoietic tissues at necropsy ( Figure 2B ). However, we found that intravenous injection of mobilized blood HSPC into adult (8 week-old) NSG mice using a slightly higher irradiation dose (250 cGy) was very successful, giving engraftment rates approaching 100% ( Figure 2C ), and grafts of human cells that lasted >6 months. The adult NSG mouse transplanted with mobilized HSPC is therefore a suitable model for preclinical studies to evaluate the function of this clinically relevant adult stem cell population. The availability of this humanized mouse model is allowing us to perform rigorous evaluations of the functionality of ZFNtreated, CCR5-disrupted mobilized blood HSPC. Specifically, we can address whether any aspect of the engineering process, including the ex vivo culture conditions, the ZFN delivery system, expression of the ZFNs, or loss of CCR5 function, has any effect on the ability of the HSPC to engraft, survive, and differentiate in the mice. By comparing the rates of CCR5 disruption present in the input HSPC with the rates detected in the mature human progeny that grow out in the mouse, we can also indirectly assess whether the CCR5-negative progeny, including mature T cells, are produced at the expected frequencies. Using this model, we are evaluating alternate methods to deliver ZFNs to mobilized blood HSPC, including the use of ZFN-expressing adenoviral vectors that are currently being used in clinical trials to modify autologous ex vivo expanded T cells [13, 15] . We determined that pretreating the HSPC with protein kinase C activators increased CCR5 distribution rates to >25%, while still supporting the engraftment of adult NSG mice [16] . However, adenoviral vectors cause toxicity when used at higher levels, so that fine-tuning is needed to obtain the correct balance between CCR5 gene disruption rates and HSPC viability and function. We are currently working with other systems, including mRNA electroporation, as alternate platforms to deliver ZFNs to mobilized blood HSPC.
Because HSPC engrafted NSG mice also develop human CD4 + T cells, they present an opportunity to challenge the animals with HIV-1 and thereby demonstrate antiviral effects within a complex, in vivo environment. However, the relatively longer period of time to develop mature CD4 + T cells, and the lower overall levels obtained when compared to fetal liver or cord blood engrafted mice, make the mobilized blood HSPC/ adult NSG mouse model less robust for such efficacy studies [16] , which may be better suited to neonatal mice transplanted with cord blood or fetal liver HSPC [14] . Finally, we have found that the high engraftment and survival rate, and long-term persistence of the human graft, makes mobilized HSPC engrafted adult NSG mice suitable for longterm safety studies to assess whether any skewing or restriction of blood lineage development occurs [16] , or to monitor for any monoclonal proliferations or tumors that could arise from the transplanted human cells. The polyclonal CCR5-disruption pattern that was observed in our studies using engineered cord blood HSPC suggests that this will not be the case [14] , but larger studies are needed to determine a detailed safety profile.
SUMMARY
Immunodeficient mouse strains such as NSG can be readily transplanted with human HSPC and provide both a small animal model that supports HIV-1 replication, as well as a rigorous way to evaluate the function of genetically modified human stem cells. Humanized mice are therefore a useful way to evaluate human HSPC engineered to create an HIV-resistant immune system and a possible functional cure. The different sources of CD34 + HSPC that are available for such preclinical studies (cord blood, fetal liver, and adult mobilized blood) have different characteristics when transplanted into mice, and this should be considered when designing appropriate preclinical studies. In particular, mobilized blood HSPC do not efficiently engraft neonatal NSG mice, and a better outcome is observed with adult recipients. Finally, as is the case in general for animal models, the predictive power of HSPC-engrafted humanized mice remains speculative until matched data are available from patients receiving similarly modified HSPC.
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